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Abstract
The parton distribution functions (PDFs) of the proton are one of the essential ingredients to
describe physics processes at hadron colliders. The Z boson production data at the LHC have
a potential to constrain PDFs, especially the gluon distribution. In this study the CMS mea-
surement of the inclusive double differential Z boson production cross section in terms of trans-
verse momentum and rapidity are compared to the next-to-leading order theory predictions at
the center of mass energy,
√
s=8 TeV with an integrated luminosity of 19.71 f b−1. In addition,
the sensitivity of this measurement to PDFs is studied within the framework of the HERAFitter.
A moderate improvement to the gluon distribution is observed at the Bjorken x ≈ 0.1 region.
However, in order to obtain further improvement to the gluon distribution in the global fits, the
higher-order theory calculations accessible via fast techniques are necessary.
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1 Introduction
The precision measurements of the Standard Model (SM) of particle physics are one of the top priority
programmes at the LHC. The accurate theory predictions are necessary in order to completely exploit the
potential of the SM measurements. Importantly, in the hadron colliders parton distribution functions (PDFs)
are one of the necessary ingredients for theory predictions. Naively, the PDF fi(x,Q2) represent the proba-
bility of finding a parton of flavour i (where i: g(gluons),q (quarks); q=u,d,c,s..) inside a proton carrying a
fraction x of the momentum of the proton at the scale Q, called the factorization scale related with the hard
scale of the involved physical process. The PDFs cannot be derived from the first principles of Quantum
Chromodynamics (QCD) [1] and have to be constrained experimentally. The PDFs are constrained primar-
ily by the Deep Inelastic Scattering (DIS) data. Additional constraints come from the Fixed-target, Tevatron
and LHC measurements [for more details, see for example, the reviews in Ref. [2,3] and references therein].
Currently, various published SM measurements at the LHC with the center of mass energies 7 and 8
TeV are already used in the global PDF fits [4–7]. Besides these global PDF fitting efforts, the sensitivity
of the particular LHC measurement to PDFs are also studied. For example, PDFs are constrained using
the measurement of the W and Z production to strange quark distribution in ATLAS [8], the CMS W
charge asymmetry [9] and W in association with the charm quark measurements at 7 TeV [10], W boson
production in association with a single charm quark in ATLAS [11], the inclusive jet cross sections from the
LHC [12–15], top quark pair production [16, 17] etc. In this current analysis, the impact to the PDFs of the
CMS production cross section measurement of the Z boson decaying to a pair of muons [18, 19] is studied.
This measurement is performed in various bins of transverse momentum (pT(Z)) and rapidity (Y (Z)) of
the Z boson. The QCD analysis is performed at the Next-to-Leading order(NLO) in the framework of the
HERAFitter [20]. Along with the CMS Z boson measurements, the inclusive HERA-I DIS [21] and the
CMS W muon asymmetry data [9] are used in this study.
This note is organized as follows. In Sec.2 we discuss the inclusive Z boson production at the LHC
while in Sec.3 the correlation studies of the different partons with the Z boson production are presented.
The general settings of the QCD analysis and the results are presented in Sec.4 and 5 respectively followed
by a summary in Sec.6.
2 Inclusive Z production at LHC
At the LHC experiment, the Z boson production cross section is one of the high priority measurements
to understand the detector performance as well as for precision tests of the SM. The inclusive Z boson
production at the LHC is initiated by the sub-processes,
qq¯, gq→ Z+n jets (1)
at the leading order (LO), where n≥ 0. At the low pT(Z) region, pT(Z) <∼ 20 GeV, the sub-process with initial
state qq¯ has significant contribution to the total cross section, while in the high pT(Z) region, pT(Z) >∼ MZ/2,
the sub-process gq becomes dominant (∼ 70 - 80%). These relative sub-process contributions are also valid
at the NLO accuracy [12, 22, 23]. Therefore, the inclusive Z boson production cross section is one of the
potential measurement to probe the gluon density inside the proton at the LHC [24].
The vector boson(W,Z) production in hadron colliders has a very rich physics potential and is well
studied in the literature [25–27]. Currently, the inclusive Z boson production in its leptonic decay channel
is computed at the next-to-next-to leading order(NNLO) level(O(α2s )) by several groups [28, 29] and the
K-factor which is defined to be the ratio of the NNLO and LO cross sections, is estimated to be about
∼ 1.4− 1.6 depending on the kinematic phase space. These NNLO predictions are equivalent to NLO for
the Z+n-jet (n≥ 1) process which is of the same order(O(α2s )). It is to be noted that these NLO predictions
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work quite well for the high pT(Z) regime. However, for the low pT(Z) range where the soft gluon emission
with very low transverse momentum takes place, the NLO predictions may become unstable. In this low
pT(Z) region, the fixed order perturbative calculation fails due to the presence of large logarithmic terms
∼ log(MZ/pT). Therefore, in order to make the calculation realistic at this low transverse momentum region,
the large logarithms must be re-summed to all orders of αs. In Ref. [30, 31] the soft gluon non perturbative
effects are taken into account re-summing all logarithm terms in the Z boson production and it can be
computed using the software package ResBos.
The full NNLO QCD corrections (O(α2s )) to the pT(Z) and pT(W) distributions in association with jets
became available very recently [32–35]. However, before that an attempt has been made to compute the two
loop QCD corrections to the process gg→ Zj using the helicity amplitudes [36] method.
At the LHC, both the CMS and the ATLAS collaborations have measured the inclusive Z boson produc-
tion cross section in proton-proton collisions at the center of mass energies of
√
s=7 [37] and 8 TeV [19].
These measurements are performed by identifying the Z boson in both the electron and muon channels and
the results are presented in terms of the differential distributions of the Z boson. In particular, the CMS mea-
surement relevant in the present context, the differential cross sections are obtained in terms of the pT(Z) and
absoluteY (Z) of the Z boson [18,19] based on the data sample of pp collisions at
√
s= 8 TeV corresponding
to an integrated luminosity of 19.71 f b−1. The results are presented in five absolute rapidity bins ranging
from 0-2.0 and the entire pT(Z) range has been divided into 10 bins reaching up to 1 TeV. The main goal of
this current study is to test the sensitivity of the high pT(Z) data to the gluon PDF, hence the measurements
of the first two bins (0-20 GeV and 20-40 GeV) are not included in the QCD analysis. The various sources
of uncertainties related to the measurement techniques and the background estimation are obtained with
the bin-to-bin correlation for each uncertainty source and accounted for in terms of covariance matrices. It
is observed that the luminosity measurement is a main source of uncertainty amounting to 2.6% leading a
total uncertainty ∼3-4% in the measurement [18, 19]. It is important to note that in this measurement no
selection has been made on jets accompanied with the Z boson in order to avoid possibly a sizable (5-10%)
contribution to the total systematic uncertainties from jet energy scale measurements. The measured cross
sections are presented unfolding the detector effects at the parton level to be compared with higher order
theory predictions. In the Ref [19], a comparison of data to the theoretical predictions from the FEWZ com-
putation [38] for all rapidity bins is presented. The level of agreement between the data and the theoretical
prediction is found to be of the O(∼10%) across all pT(Z) and Y (Z) bins, which is within the uncertainties
of the measurement and the theoretical prediction. The uncertainty in the theoretical predictions includes
the variation of the QCD scales and PDF.
In the present QCD analysis, the inclusive Z boson differential cross sections are calculated at NLO using
the MCFM [39] interfaced to ApplGrid [40]. The transversee momentum of the leading (sub-leading) muons
are required to be greater than 25(10) GeV and less than 2.4(2.1) in absolute rapidity, whereas the dimuon
invariant mass is selected to be within 81-101 GeV. The NLO CT10 PDF set [41] is used for the Z-boson
event generation and the factorization (µF ) and the renormalization (µR) scales are set to the dynamical scale
µ0 =
√
(pT(Z))2+M2Z. The uncertainties in the pT(Z) distribution due to the choices of QCD scales and
PDF are also computed. The uncertainty due to the QCD scales is obtained by varying the scales, µR,µF=
{ 1/2, 2}×µ0. It is observed that the QCD scale uncertainty is a size of about ∼5% at the low pT(Z) region
and rises to ∼ 7% at the high pT (Z) region. The PDF uncertainty is derived following the asymmetric
uncertainty prescription [42] by generating the pT (Z) spectrum for all the up and down type eigenvectors of
the NNPDF2.3 [43] PDF set and found to be about 2-3%. Evidently, the scale uncertainty dominates over
the other theoretical uncertainties.
The comparison between the MCFM theory predictions and the measured double differential Z boson
cross section normalized to the inclusive cross section for various pT(Z) and Y (Z) bins corresponding to
an integrated luminosity of 19.71 f b−1 is presented in Fig.1. In addition, the ratios of the data and the
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theory predictions are also presented along with the PDF and QCD scale uncertainty band. As can be seen
in Fig. 1, a disagreement of about 10% exists between the measured cross section and the MCFM theory
prediction across all the rapidity bins except for the last bin(1.6 < Y (Z) < 2.0) where the discrepancy is
even larger. Note that a similar level of agreement of the inclusive Z boson data is also observed with the
theory predictions provided by FEWZ [19]. Recently, in the Ref. [44], the ATLAS and CMS data at 7 TeV
for V+jet(V=W,Z) processes are compared with NNLO theory predictions.
3 Parton Correlation
In order to understand the sensitivity of the initial PDFs to the Z boson production cross section, the cor-
relation of the corresponding PDFs with the cross section is studied using the NNPDF2.3 [43] PDF set.
The correlation function, Qi for each i-th parton(i=g,u,d,s) is computed by evaluating means and standard
deviations from the set of Nrep as,
Qi[σincl,x fi(x,µ2)] =
Nrep
Nrep−1Fi(σincl,x,µ
2)
where
Fi(σincl,x,µ2) =
< σinclx fi(x,µ2)>−< σincl >< x fi(x,µ2)>
∆σincl∆x fi(x,µ2)
(2)
where Nrep is the number of replicas in the NNPDF sets, σincl is the inclusive Z boson production cross
section computed using MCFM and fi(x,µ2) is the PDF for a given parton i and the factorization scale µ2.
In the denominator, the ∆σincl and ∆x fi(x,µ2) are the standard deviations of cross sections for Nrep replicas of
PDF sets and the PDF replicas themselves respectively.
Fig. 2 presents the correlation coefficients(Qi) for the gluon, up, down and the strange quark PDFs in
the x-Qi plane. The correlation co-efficient Qi close to zero indicates that there is no correlation at all
between the respective incoming parton and the production cross section. Similarly, higher values of Qi
means presence of a strong correlation of the corresponding parton and cross sections, where as negative
values mean anti-correlation. The figure representing the gluon correlation (upper left panel) indicates that
the inclusive Z boson cross section is strongly sensitive to gluon PDFs for the values of x∼ 0.01−0.1.
4 The QCD Analysis
The NLO QCD analysis is performed using the framework of the open source code HERAFitter(v1.1.0),
the detailed description of which can be found in Ref. [20]. In this analysis, the initial parametrization
for the PDFs is assumed at the starting scale of Q20 = 1.9 GeV2 and evolved to higher scales with the
DGLAP [45–48] equations using QCDNUM [49]. The combined data sets from the DIS neutral current (NC)
and the charged current (CC) in e+p and e−p scattering at the H1 and ZEUS experiments as well as the CMS
W muon charge asymmetry data are used in this study along with the data corresponding to the measurement
of inclusive Z production, as described above. In order to exploit the precise CMS lepton charge asymmetry
data which are used to improve the constraints of the PDFs of light quarks [9], the CMS measurement of W
charge asymmetry is added as an additional input along with the inclusive pT(Z) data.
At the starting scale, Q20, the PDFs are parametrized using a generic form:
x f (x) = AxB(1− x)C(1+Dx+Ex2). (3)
Here A is the normalization term and the behavior of the PDFs for low (high) values of Bjorken x is regulated
by the B (C) term. The optimal parametrization for the PDF fit is found through a parametrization scan as
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described in [21]: In the beginning, the scan is performed starting from a parametrization with a basic
polynomial form and then additional parameters are allowed to vary, one parameter at a time. This scanning
process continues till the reduction in χ2 reached to a value less than unity.
The final parametrized form with 14 free parameters for the five PDFs, valence light quarks
xuv(x),xdv(x), the anti quark xU¯(x),xD¯(x), where xU¯(x) = xu¯(x), xD¯(x) = xd¯(x)+xs¯(x) and the gluon
xg(x) is defined as:
xg(x) = AgxBg(1− x)Cg +A′gxB
′
g(1− x)C′g
xuv(x) = Auvx
Buv (1− x)Cuv (1+Euvx2)
xdv(x) = Advx
Bdv (1− x)Cdv
xU¯(x) = AU¯x
BU¯ (1− x)CU¯
xD¯(x) = AD¯x
BD¯(1− x)CD¯ (4)
The normalization parameters Auv ,Adv and Ag are constrained by the QCD sum rules. A more expanded
form for g(x) is used with the choice C′g =25 following the approach of the MSTW group [50]. The strange
quark relation to D¯ is defined as
xs¯= fsxD¯ (5)
where fs is the fraction of strange quarks, fs = s¯d¯+s¯ = 0.31± 0.08 [2]. Additional constraints applied are
BU¯ = BD¯ and AU¯ = AD¯(1− fs).
The sources of experimental uncertainties in the measurement of the Z boson cross section are discussed
in detail in the Ref. [19] and taken into account in the fit through a covariance matrix. The uncertainty due
to the choice of parametrization given by the Eq.4 is evaluated by assuming an alternate parametrization.
The parametrization uncertainties are estimated by including additional terms one by one in the polynomial
expansion of Eq.3 for all parton densities following the procedure described in the Ref. [21]. The variation
in the starting scale Q20, is regarded as a parametrization uncertainty and is estimated by varying it within the
range 1.5( fs = 0.29)≥Q20 ≥ 2.5( fs = 0.34,mc = 1.6). The parametrization uncertainty is constructed as an
envelope built from the maximal differences between the PDFs. The model uncertainties in the QCD fit are
evaluated by varying heavy quark masses mc and mb, strange quark fraction parameter fs, and Q2min. In order
to obtain these uncertainties, the model parameters are varied between its maximum and minimum values
one at a time in the fit. The change of the fit due to this variation with respect to the central fit obtained
using the nominal value of that parameter is estimated to be the uncertainty corresponding to that model
parameter. The model uncertainties with variations are presented in Table 1. The experimental, model and
parametrization uncertainties are added in quadrature to obtain the total systematic uncertainty.
Table 1: Maximum and minimum values of model parameters along with the nominal value for the central
fit.
Parameters Nominal value Lower limit Upper limit
fS 0.31 0.23 0.38
mc[GeV] 1.4 1.35(Q20=1.8) 1.65
mb[GeV] 4.75 4.3 5.0
Q2min[GeV
2] 3.5 2.5 5.0
Q20[GeV
2] 1.9 1.5( fs = 0.29)) 2.5( fS = 0.34,mc = 1.6 GeV )
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Table 2: Partial χ2 per data point and global χ2 per degrees of freedom(dof) for the data sets used in 14-
parameter fitting.
Datasets HERA I HERA I +CMS(Asym) HERA I + CMS full
NC HERA H1-ZEUS e+p 109/145 109/145 109/145
NC HERA H1-ZEUS e−p 400/379 401/379 411/379
CC HERA H1-ZEUS e+p 19/34 19/34 19/34
CC HERA H1-ZEUS e−p 27/34 30/34 31/34
CMS W electron asymmetry – 8.4/11 7.5/11
CMS W muon asymmetry – 13/11 13/11
CMS Inclusive Z data – – 78.5/40
Total χ2/do f 555/578 580/600 668/640
χ2 p value 0.74 0.71 0.21
5 Results
The QCD analysis results are presented in Table 2. The quality of the fit is found to be fairly good for the
HERA-I data only and HERA-I with CMS W charge asymmetry data. The combined fit of HERA-I data
with CMS W and Z production data is observed to be higher due to the fact that the disagreement between
the Z-boson data and the corresponding MCFM theory prediction is relatively large. However, the total
χ2/dof is found to be reasonable.
The impact of the CMS data to PDFs is illustrated by comparing the PDF fits with the HERA DIS data
alone as shown for the gluon in Fig. 3 and u and d valence quarks in Fig. 4. In order to understand the
improvement in gluon distribution due to the addition of the CMS data, the ratio of the relative uncertainties
of the fitted gluon distribution obtained using the combined datasets and the DIS data only is presented in
the same figure at the bottom panel. A change of shape of the gluon distribution due to the inclusion of the
CMS Z boson data is visible at low x, in particular around the value of x ∼ 0.1 where a strong correlation
of the gluon PDF with the Z boson production cross section is observed, as shown in Fig. 2. In addition,
the Fig. 4 shows that the CMS W charge asymmetry is more sensitive to the light quark distributions. The
constrained NLO distributions of the gluon, u and d valence quarks are shown in Fig. 5 for two values of
Q2 =10 GeV2 and M2Z . In general, as observed, the uncertainty due to the parametrization is the dominant
one.
6 Summary
The sensitivity of the CMS Z boson production measurement to PDFs at
√
s = 8 TeV is reported in this
letter. The theory predictions corresponding to the CMS Z boson production measurement are obtained
from the MCFM based calculations at NLO. The studies of the initial parton correlations with the Z boson
cross section indicate the sensitivity of the gluon distribution in this process. A comparison between the
measured Z boson cross section in various pT(Z) and Y(Z) bins and the corresponding MCFM based theory
predictions at NLO shows an agreement at the level of∼10%, however the shapes of the distributions of both
the data and the theory agree reasonably well. Similar level of agreement is also observed by the calculations
performed with FEWZ. As evaluated with the MCFM based theory predictions, the uncertainty due to the
QCD scales is found to be the most dominant of the order of 5-7%. It is to be noted that the inclusive double
differential Z boson cross section is measured with an overall precision of about 3-4% which is remarkably
precise for any measurement at the hadron colliders.
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The NLO QCD analysis is performed within the framework of the HERAFitter, fitting the CMS Z
boson production and the W asymmetry measurements together with the HERA-I DIS charged and neutral
current data. The results of this QCD analysis indicate the improvement(∼5-7%) in the gluon PDFs around
the region of x ∼ 0.1. The current analysis demonstrates the limited constraints on the gluon PDFs using
inclusive Z boson data. Therefore, in order to describe the very precisely measured Z boson cross section,
more accurate theoretical predictions accessible via the fast techniques to PDF fits are needed which are
expected to reduce the level of disagreement between the data and theory.
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Figure 1: The comparison of Z boson CMS data to the theory predictions obtained from the MCFM [39] in
different Z rapidity (Y(Z)) bins.
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Figure 2: Correlation co-efficients(Qi; i=g,u,d,s) between the gluon (top-left), the up quark (top right), the
down quark (bottom left) and the strange quark (bottom-right) PDFs and the inclusive Z boson production
cross section for the pT(Z)> 40 GeV range.
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Figure 3: Distribution of gluon for Q2=10 GeV2. The bands correspond to experimental PDF uncertainties
of the fit to HERA data only(red) and both HERA and the CMS data(blue and green).
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Figure 4: Same as in Fig.3, but for for u(left) and d(right) valence quarks.
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Figure 5: Constrained parton density functions for gluon (top), u (middle) and d valence (bottom) quarks
from the QCD analysis of CMS Z-boson data at the scales Q2 = 10 GeV2 (left panel) and M2Z (right panel).
The uncertainties include due to the experimental (red), the model (yellow) and the parametrization variation
(green). All uncertainties are added in quadrature.
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